Introduction
It is well known that fusion welding of stainless steels has some problems. In the case of fusion welding of ferritic stainless steels, large grains are expected in the heat-affected zone (HAZ) close to the weld metal; the formation of these grains leads to the poor strength of the steels. Further, the weldability of austenitic stainless steels is better than that of the ferritic stainless steels; nevertheless, the sensitization in HAZ and formation of deltaferrite in the weld must be paid attention to 1, 2) . In the case of dissimilar welding of ferritic and austenitic stainless steels, fusion processes seem to be unfavorable. It has been reported that dissimilar stainless steels joints were successfully made by using friction welding 3 5) . Thus far, a combination of austenitic and ferritic stainless steels has been mainly used in TiCl 4 reduction retorts because the austenitic steels exhibit superior mechanical properties and oxidation resistance at elevated temperatures and ferritic steels can avoid the problem of nickel leaching by molten magnesium 3) . Moreover, the dissimilar welding of ferritic and austenitic stainless steels should be noted in terms of their magnetic property. A magnetic iron core in a small displacement sensor can be joined to nonmagnetic metals by using a screw cramp, an adhesion bond, or silver brazing. Nowadays, friction welding is required to make small and reliable magneticnonmagnetic dissimilar stainless steel joints.
In contrast to the extensive work done on regular or largescale friction welding as used in automotive and appliance industries for making parts with a round bar diameter larger than approximately 10 mm, no systematic investigations have been carried out on small-scale friction welding. The heat input of friction welding strongly depends on the diameter of samples and increases with an increase in the diameter because of the nature of the process 6) . Assuming the friction coefficient is constant during the welding, the total energy for welding (W) is expressed as,
where A is the constant, p is the pressure, f is the friction coefficient, N is the rotation speed and r is the radius of specimen 7) . For example, in order to reduce the radius of specimens by a factor of 2, the rotation speed should be increased by a factor of 8. Additionally, the axial pressure, which is another major parameter that affects the heat generation at the faying interface, cannot be increased significantly in the case of smallscale friction welding since the sample may buckle easily.
The objective of this study is to investigate the feasibility of similar and dissimilar friction welding of ferritic and austenitic stainless steels having a small diameter. The microstructural development of the joint and the practical process window were also investigated. Friction welding was carried out on austenitic and ferritic stainless steels (diameter: 3 mm). The practical process windows, that is, weld lobes, were shown for similar and dissimilar welding. Proper balance of heat and deformation was necessary to form a favorable weld interface that had no unbonded regions and oxide layers. The microstructural refinement of both stainless steels occurred near the weld interface because of dynamic recrystallization. In the case of dissimilar welding, a lamellar structure of alpha and gamma phases was formed in the microstructural refinement region of type 430 steel, and strain-induced martensite was formed in type 304 steel.
Experimental procedures
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MPa were used. Further, the friction pressure and the forged time were maintained constant at 70 MPa and 6.0 s, respectively, throughout the study.
Tensile and bending tests were carried out in order to evaluate the mechanical properties of the joints. The shape of the tensile test specimen is shown in Fig. 1 . The tensile tests were performed at room temperature using an Instron type testing machine with a crosshead speed of 1.67 10 2 mm s 1 . The bending tests were carried out using the following simple method:
one end of the specimen was fixed by a jig, and the other end was loaded and bent. The purpose of the bending test was not to quantitatively but to qualitatively evaluate the joint strength. The cross sections of the joints were observed by using an optical microscope. The microstructures of the weld interface were investigated by using a scanning electron microscope (SEM), and the energy dispersive X-ray spectroscope (EDX) and electron back-scattering pattern (EBSP) analyses were carried out.
Additionally, a micro-area X-ray diffraction analysis (Bluker AXS, D8) was carried out near the weld interface under the condition of 35 kV and 80 mA. The diameter of the collimator was 100 m. 
MICROSTRUCTURES
The optical microstructures of type 304 stainless steel similar joints are shown in Fig. 3 . Fig. 4 shows the micro-area XRD patterns near the weld interface of type 304 joints welded at rotation speed of 2000 rpm. The weld started forming from the middle of the radius toward the center of the round bars, leaving an unbonded region at the periphery of the weld interface ( Fig.   3a ), which caused a brittle interfacial fracture during the bending test. In the case when the rotation speed was 2500 rpm, the macroscopic defects at the periphery disappeared. However, the oxide films that were detected by the EDX analysis remained at the weld interface (Fig. 3b) . This type of joints exhibited FUKUMOTO et al.: Small-scale friction welding of similar and dissimilar stainless steels 100s interfacial fractures with some plastic deformation of base alloys during the bending test. At a higher rotation speed, neither defects nor oxide films were observed at the weld interface, resulting in high joint strength. Microstructural refinement due to the dynamic recrystallization was observed near the weld interface, a phenomenon similar to that in "regular-scale" friction welding 9 11) . Additionally, a phase transformation was also observed. A small amount of strain-induced martensite was formed at the weld interface of the joint made at a rotation speed of 2000 rpm (Fig. 4) . The martensite was not observed when the rotation speed increased. In the case of a low rotation speed, macroscopic deformation was negligible in this joint, as shown in Fig. 3a . A small part of the material near the weld interface was significantly worked at a low temperature, resulting in the formation of martensite. 
Dissimilar joint WELD LOBE
The weld lobe for dissimilar joints between type 304 and 430 stainless steels is shown in Fig. 6 . The effect of rotation speed and friction time on the burn-off length of joints is shown in Fig.   7 . The overall trend is similar to that of the similar joints, as shown in Fig. 2 (Fig. 9b) . It is believed that lamellar oxides consist of not only initial oxide films on the faying surface but also newly formed oxides during the friction process. As the friction time increased, the oxides were squeezed out with the flash and/or dissolved into the matrix, leaving no oxides at the interface. After the oxides were removed, another lamellar structure was observed in type 430 stainless steel near the weld interface (Fig. 9d) . The phase mapping done by using the EBSP analysis at the weld interface is shown in Fig. 10 . The lamellar structure consisted of alpha and gamma phases. The gamma phase delaminated from type 304 stainless steel was mechanically FUKUMOTO et al.: Small-scale friction welding of similar and dissimilar stainless steels 102s 
Conclusions
Small-scale friction welding of stainless steels was investigated by means of mechanical testing and metallurgical examination. The main conclusions include the following:
1. Weld lobes for similar and dissimilar stainless steels joints were exhibited. Small-scale friction welding required a higher rotation speed than regular-scale friction welding. The welding conditions of high rotation speed and short friction time favored small-scale friction welding.
2. Joint strength was determined by the bonded area and the interfacial strength. The existence of oxide layers at the weld interface reduced the interfacial strength. The oxide layers had to be pushed out with a flash. In addition, the excess formation of oxides could be minimized by using a high rotation speed.
3. The burn-off length was an insufficient indicator of the joint quality in itself. Proper balance of heat and deformation hysteresis had to be controlled in order to obtain strong joints.
4. Microstructural refinement occurred near the weld interface in both stainless steels because of dynamic recrystallization. In dissimilar welding, a lamellar structure with alpha and gamma phases was formed in the type 430 steel, while strain-induced martensite was formed in the type 304 steel. 103s Fig. 11 Effect of friction time on tensile strength of dissimilar joints welded with the rotation speed of 5000 rpm.
